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DESIGN AND DEVELOPMENT OF A HIGH RELIABILITY, OIL LUBRICATED 
COMPRESSOR FOR A SPACE BORNE JOULE-THOMSON CRYOCOOLER 
Abstract 
Michael C. Messaros and James L. Verstraete 
Mechanical Design Engineers 
Ball Aerospace and Communications Group 
Aerospace Systems Division 
1600 Commerce St. 
Boulder, Colorado 80301 
303-939-4000 
This paper presents recent developments in the design, manufacture and testing of an oil lubricated, 
four stage reciprocating nitrogen compressor for use in a space borne Joule-Thomson (1-T) 
cryocooler system. An overview of the system application and a discussion of compressor 
performance specifications, design description, vibration control, zero-g oil management system 
operation and compressor reliability are included. 
Introduction 
The Aerospace Systems Division ofBall Aerospace and Communications Group in Boulder, 
Colorado has been active in aerospace J-T cryocooler development continuously since 1982. Our 
present program, called COOLLAR (Cryogenic On-Orbit Long Life Active Refrigerator), is a 
contract to develop and demonstrate an engineering model (EDM) protoflight cryocooler, working 
to well defined performance, physical and reliability requirements. The system is required to run 
continuously for a minimum of five years on-orbit with no maintenance. This flight design program 
is a follow-on to our Advanced Breadboard contract (ABB) completed in March of 1992, where 
most key technology areas were successfully demonstrated. The ABB compressor is presently 
undergoing long term operation as a reliability test article. 
While the focus of this paper is the compressor, an overview of the cryocooler system may be of 
interest. Our system is a closed cycle J-T using nitrogen as the working fluid. The three m~or units 
that make up the system are the compressor unit, cold head and control electronics. The cold head is 
the cooling unit and is located remotely from the compressor. Pressurized, ultra-high purity nitrogen 
from the compressor unit is throttled through 1-T valves in the cold head to provide cooling. The 
compressor unit's high pressure flow stream is actually split in the cold head, one stream drops from 
1160 to 2.5 psia to provide cooling at 65K while the other drops from 1160 to 350 psia to provide 
cooling at 120K. Downstream ofthe valves, liquid nitrogen is accumulated in tanks. The liquid 
provides the thermal capacity for constant temperature instrument cooling, and the compressor's 
suction side maintains the tank pressure at the 2.5 psia and 350 psia levels. 
The compressor unit consists of two subsystems, the compressor and the gas purifier. The latter is 
designed to clean up the compressor discharge to a sub-parts per billion level of impurities including 
H20, CO, C02, and C0 Hxn· This is accomplished in two steps. First the oil laden discharge gas is 
centrifugally scavenged to remove all but a trace amount of oil and recycled via a two stage pressure 
regulator to the crankcase at 25 psia. This unique scavenging process was developed at Ball in the 
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late 1980's and granted U.S. Patent No. 5218832. Finally the scavenged gas is routed through a 
reactive hot getter and further scrubbed to achieve the exceedingly low levels of impurities necessary 
to avoid freeze-up of the J-T valve orifice. 
Requirements Discussion 
The system was designed to meet an extremely detailed and stringent set of customer imposed 
requirements. The driving requirements were in the areas of cooling capacity and temperature, 
temperature stability, power consumption, output vibration, reliability, thermal and gravity 
environment, and weight and volume. The table below presents the compressor specifications. 
Working Fluid Nitrogen 
Stroke, in 0.625. 
Speed Range, RPM 120-330 (282 Nominal) 
Desig_n Point ln_I!_ut Power, Watts (HP) 110 (0.15) 
Firin_g Order 1-3-2-4 
Output Vibration, Linear, lbf <0.035 
Output Vibration, Moment, in-lb <0.35 
Weight, lbs 52 
Volume, inJ 900 
Lubrication Forced Oil, One-G/Zero-G Capable 
Reliability 0.9771 (1.42 Failures Per Million Hrs) 
Stage No 1 2 3 4 
Piston Diameter, in 2.700 .804 .680 .507 
Inlet Press,_l)_sia 1.6 24 342 630 
Discharge Press,_psia 26 352 635 1160 
Pressure Ratio 16:1 15:1 1.9:1 1.8:1 
Clearance Vol, % 1.2 6.2 7.1 11.9 
Volumetric Eff, % 57.3 36.0 95.8 94.3 
Piston Seal Oil Press, psid (crankcase ref) 5 100 700 700 
Flowrate, grams/sec (SCFM) 0.008 (.0135) 0.0088 (.0 149 0.393 (.6662) 0.393 (.6662) 
Table 1 - EDM Compressor Specifications 
General Description 
The compressor is a hermetic, oil lubricated, four piston, four stage, radial design that incorporates a 
scotch yoke drive. The unit has two suction inlets, one at the first stage and the other at the third, 
and a single high pressure discharge. An integral, brushless DC motor provides the drive power. 
Normal operating speed is 5Hz (300 rpm), but can be varied for changing loads. The compressor 
also adjusts to varying load conditions by precision control of the first stage inlet flow with a stepper 
motor driven valve. Volumetric efficiency is boosted by intercoolers. An unloader valve built into 
the first stage piston allows the compressor to start up under a system charge pressure of 525 psia. A 
forced oil lubrication system is used which operates in any orientation in one-g and in zero-g. 
Scotch Yoke Drive 
The scotch yoke drive was chosen because of its compact size, low vibration and uniform side load 
distribution. The scotch yoke uses two cam bearings instead of a single slider block to eliminate 
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sliding between the cam and the follower. The pistons articulate on the yoke using a ball and socket 
joint which accomodates bore misalignment while allowing close clearance piston/cylinder fits. 
Pistons are hardened 440C running in phosphor bronze cylinder liners. Pressurized oil from the lube 
pump feeds the annular gap which ranges in size from a nominal 0.0004 in. on the 2.700 in diameter 













Compressor Weight: 52 Jbs 
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Low vibration is a driving requirement for the compressor subsystem. Figures 2a & 2b show the 
allowable limits for force and moment output as a function offreq.uency. There are three aspects to 
meeting this requirement. The first is fundamental static and dynamic balance of the scotch yoke 
drive. Yoke pairs are designed so that their centers of mass (CM) reciprocate in a common plane 
and their masses are equal within 2 grams. Two counterweights are used to balance the yokes and 
cam, and are equally disposed about the same plane of yoke CM motion. The second aspect of 
meeting the vibration requirement is to hold compressor speed constant during each 3600 of shaft 











resolution; low noise (<2%) tachometer to measure speed. By contrast, an open loop s
ystem would 
experience appreciable speed variations of the rotating-reciprocating mass as shaft torqu
e load 
changes over a rotation cycle. This would result in unacceptably large moment reaction
s at the 
compressor mounts about the axis of shaft rotation. The speed control loop works by k
eeping the 
torque demands of the shaft balanced by the torque output of the motor, thus no apprec
iable 
acceleration or deceleration of the rotating components occurs. We were very successf
ul in 
demonstrating this technology on our ABB system and have incorporated the same app
roach on the 
EDM. The third and perhaps more subtle aspect of vibration is shaft deflection. Our A
BB 
compressor met fundamental force and moment vibration but was slightly out of spec at
 some higher 
harmonics. This problem was eventually traced to shaft deflection under the action oft
he piston 
loads. If a compressor shaft were perfectly rigid, piston forces would be completely int
ernally 
resolved, but a real shaft does move (accelerate) when loaded. This creates a residual f
orce 
imbalance which can only be reacted out at the compressor mounts. The EDM shaft co
nfiguration is 
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Frequency, Hz 
Figure 2a- Predicted EDM Linear Force Output 
(Along Stage 1-2 Axis) 
Figure 2b- Predicted EDM Moment Output 
(About Stage l-2 Axis) 
Frequency, Hz 
Figure 3- Measured ABB Linear Force Output 
(Along Stage 1-4 Axis, Firing Order l-3-4-2) 
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Gas Management System 
The gas is handled using miniature poppet style check valve assemblies installed in the heads. These 
valves were chosen for compactness, contamination tolerance an"d wear and fatigue resistance. 
These valves have a proven history of long life and reliable operation in our earlier compressors. 
Interstage gas routing consists of lengths of tubing attached to a heat exchanger/intercooler to aid 
efficiency and also serve as surge volumes to dampen out vibration and pressure pulses. Head 
cooling is provided by lightweight, flexible thermal straps using ultra-high conductivity graphite 
fiber. 
Oil System 
Oil lubrication was selected due to its proven ability to attain long life in positive displacement 
compressors and engines. The oil used is a Ball proprietary ultra-low vapor pressure PAO, originally 
developed for lubrication of aerospace mechanisms operating in space vacuum. The oil system 
provides pressurized oil to the pistons and cylinders, stroking mechanism, and bearings. A custom 
dual element, positive displacement oil pump provides four pressures for the four stages and 
performs internal oil filtration. Since the compressor is required to operate in any orientation one-g 
and in zero-g, a surface tension screen system is used to assure acquisition. This system uses 
technology similar to that used for zero-g handling ofliquid rocket propellants. Any portion ofthe 
screen system not directly covered by oil will be sealed against gas breakthrough by the surface 
tension of the oil on the fine mesh screen. A capillary fin storage system also helps manage the oil in 
zero-g. All oil system components and plumbing are packaged inside the compressor. 
UPPER DIPPER ASSEMBLY 
(4 PLEATED SCREEN TUBESJ 
LOWER DIPPER ASSEMBLY 
(4 PLEATED SCREEN TUBES) 
Figure 4 - EDM Oil System 
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FIN ARRAY ASSEMBLIES (4J 
CCONTAIN SCREEN TUBESJ 
OIL SYSTEM HOUSING 
Motor and Tachometer 
The motor, synchro and tachometer are custom designed to reduce vibration in conjunction with th
e 
speed control loop described above. The motor and drive electronics are designed to produce very
 
little cogging and ripple torque and the tachometer is designed to provide a redundant, virtually noi
se 
free signal to the electronic control/power conditioning unit. The motor is hermetically sealed by a
 
welded, thin walled titanium shell to prevent contamination of the working gas. 
Housings 
The major subassemblies of the compressor are contained within light weight, high strength titanium
 
housings which, when assembled, form a pressure vessel. Besides the weight and strength 
advantages of titanium, the CTE compatibility with the steel pistons helps maintain the desired 
clearances for piston sealing and headspace volume throughout the operating temperature range. 
The interface joints are sealed with soft plated metal C-rings. The design also accommodates a sea
l 
weld at all interfaces to give a redundant hermetic seal for long term operation. Gas plumbing is 
kept to a minimum and welded where practical. Plumbing fittings are a flight qualified dynamic 
beam seal design to assure hermetic connections at non-welded plumbing interfaces. 
Reliability . 
A discussion of the reliability program we have implemented is beyond the scope of this paper. In 
summary, reliability analysis began with the total system reliability requirement. Each subsystem an
d 
component was allocated a portion of the overall reliability budget, based on the criticality and 
presumed risk of that component. Analysis was performed on each component, and the sum of all 
component values met the overall system requirement. For the compressor, the main drivers are th
e 
gas check valves, oil pump regulators and pump slippage. By using aerospace quality components,
 
items such as bearings, motor and tachometer have reliability values closely approaching unity. In 
addition to extensive reliability analysis, a prototype compressor has been subjected to accelerated 
wear testing. Testing was defined by an independent test lab, and consisted of running the 
compressor with a special formulation of wear particulate debris in the lubricating oil. The valves 
have shown to be capable of lasting in excess of 28 equivalent years, and the stroking mechanism 
and oil system have the equivalent of 43 years running time and are still going strong. This testing 
has proven the correlation between system cleanliness and component life. To enhance long life, th
e 
compressor undergoes a break-in period using an ultra-high efficiency auxiliary filtration system 
which assures a minimum of wear particles circulating in the system during the first 500 hours of 
operation. 
Production and Test 
At the time of this writing the EDM compressor is in production with initial performance testing 
scheduled for 1 August 1994. A discussion of the test program is beyond the scope this paper. In 
summary, we've been successful at developing our expertise in testing in parallel with our hardware
 
development. The compressor will be thoroughly instrumented with output fed to a data acquisitio
n 
system (DAS) for analysis and presentation. As in the ABB program, all compressor operating 
parameters will be measured to verify compliance with requirements including pressures, flow, 
temperatures, vibration output and power input. 
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